We demonstrate an atomic bandpass optical filter with an equivalent noise bandwidth less than 1 GHz using the D1 line in a cesium vapor. We use the ElecSus computer program to find optimal experimental parameters, and find that for important quantities the cesium D1 line clearly outperforms other alkali metals on either D-lines. The filter simultaneously achieves a peak transmission of 77%, a passband of 310 MHz and an equivalent noise bandwidth of 0.96 GHz, for a magnetic field of 45.3 gauss and a temperature of 68.0
The Faraday effect in atomic media has come to be used for a wide range of applications, including creating macroscopic entanglement [1] , GHz bandwidth measurements [2] , non-destructive imaging [3] , magnetometry [4] , off-resonance laser frequency stabilization [5, 6] , and creating an optical isolator [7] .
Another application of increasing interest is utilizing the Faraday effect to create ultra-narrow bandwidth optical filters [8] , of the order of a GHz width. These atomic Faraday filters are imaging filters [9] with a large field of view [10] , and can be engineered to be low loss at the signal frequency [11] . This makes them the filter of choice for many applications, for example, they are used in atmospheric lidar [11] [12] [13] [14] , Brillouin lidar [15, 16] , Doppler velocimetry [17, 18] , free-space communications [19] and quantum key distribution [20] , quantum optics [21] , filtering Raman light [22] , optical limitation [23] , and laser frequency stabilisation [24] [25] [26] [27] [28] .
Faraday filters have so far been demonstrated experimentally using neon [29] , calcium [30] , sodium [9, 24, 25, [31] [32] [33] [34] , potassium [18, 35, 36] , rubidium [37] [38] [39] , and cesium [23, 40, 41] . A Faraday filter on the cesium D 1 line (894 nm) could be useful for quantum optics experiments which utilize the the Cs D 1 line [42] , and could aid filtering degenerate photon-pairs at 894 nm in a similar way to that shown for 795 nm [21] .
In this letter we demonstrate the technique of using computer optimization to find optimal working parameters for a Faraday filter. Using this technique we find that a Faraday filter working at the Cs D 1 line has superior performance when compared to similar linear Faraday filters working with different elements and/or transitions. Experimentally, we verify the prediction of the model, and achieve a linear Faraday filter with the best performance to date.
An atomic Faraday filter consists of two crossed polarizers with an atomic vapor cell placed between, as seen in Fig. 1 . An axial magnetic field is applied across the vapor cell. This field causes the plane of polarization to rotate when light traverses the cell (the Faraday effect [43] ) and hence causes transmission through the sec- ond polarizer. For an atomic medium the polarization rotation only occurs near atomic resonances (which are intrinsically narrow), resulting in an ultra-narrow filter. One important measure of filter performance is the equivalent noise bandwidth (ENBW), defined as
where T the transmission through the filter and ν s is signal frequency. In many cases the exact position of the signal frequency can be chosen, and so we take it to be the frequency of maximum transmission (T (ν s ) = T max ). The ENBW is inversely proportional to the signal to noise ratio for narrowband signals in the presence of white noise. Reducing the ENBW is clearly desirable, though this will come at the cost of reducing the maximum filter transmission [34] . Many applications require high transmission and as such a good figure of merit (FOM), as proposed in Ref. 34 , is to use the ratio
For a given length of the atomic medium the filter spectrum changes non-trivially as a function of vapor cell temperature and magnetic field. Therefore it is advantageous to have an accurate model of the filter spectrum. We used the ElecSus program [44] to calculate the filter spectrum. This program calculates the spectrum of the electric susceptibility [45] of an atomic medium for a range of experimental parameters (e.g. magnetic field, cell temperature, cell length, beam polarization etc.), and can output a Faraday-filter spectrum. We interfaced this program with a global optimization algorithm to find the values of temperature and magnetic field that maximize the FOM. Specifically, the random-restart hill climbing meta-algorithm [46] was used in conjunction with the downhill simplex method [47] to minimize the inverse of the FOM. This technique used a few thousand evaluations of the filter spectrum from the ElecSus program, taking less than five minutes to complete using a computer with an Intel Core TM i3-3220 processor. Each spectrum is calculated for a range of 60 GHz surrounding the Cesium D 1 weighted linecentre, with a 10 MHz grid spacing. The ENBW is then approximated by numerically integrating across the spectrum and then dividing by the maximum transmission value. Note that approximating the ENBW to this frequency range is justified if the optical noise does not extend to other transitions from the Cs ground manifold (such as the D 2 line at 852nm), although it is possible to use a Faraday filter in conjunction with an interference filter if this is the case [14] . Figure. 2 shows the results of the optimization for vapor cell lengths ranging from 100 µm to 10 cm. We can see that for cell lengths above 10 mm, the optimal value of the magnetic field is constant at 45.3 G, while the optimal temperature changes such that the change in number density [48] (N ) compensates the change in cell length (L) in a predictable way; N L ≈ constant. However, for cell lengths of 10 mm and less, the optimal magnetic field changes. This is due to self broadening [49] becoming important at higher densities, and has a far greater effect than Doppler broadening [50] , as was confirmed by repeating the optimization with the effect of self broadening removed.
To validate the prediction of the model, an experiment using a 75 mm long Cs vapor cell was performed. Figure 1 shows an illustration of the experimental arrangement. The vapor cell was placed in a solenoid which produced an axial magnetic field and also provided heating of the vapor cell. This was placed between two crossed GlanTaylor polarizers, forming the Faraday filter. To measure the filter spectrum a continuous wave Ti:sapphire laser was used to produce a beam of light that could be scanned across the Cs D 1 line. The weak-probe [51, 52] beam was sent through the Faraday filter and was detected using an amplified photodiode. The laser scan was calibrated using the method described in Ref. 53 . Figure 3 shows the measured Faraday filter spectrum and a theory fit using ElecSus [44] . Excellent agreement is found between theory and experiment. The full width at half maximum of the passband was found to be 310 MHz, while the ENBW and T max were found to be (0.96± 0.01) GHz and 0.76±0.01 respectively; in agreement with the theoretical optimum values. This gives a ratio of T max to ENBW (FOM) of (0.794 ± 0.015) GHz −1 , which, to the best of our knowledge, is the highest demonstrated to date for any linear Faraday filter.
The computer optimization was also performed for both D-lines of sodium, potassium, rubidium and cesium, for a 75 mm long atomic medium. From Table I , we can clearly see that cesium D 1 line gives the highest figure of merit. We also find that the performance of rubidium D 1 line filters [38] could be improved further by using an isotopically pure vapor. One thing to note is that, with the exception of 85 Rb at 780 nm, the filter spectra that give the highest FOM value all show 'wing' type operation, where the the filter transparencies occur just offresonance from the atomic transitions. Line-center operation [34] is found for local FOM maxima. The better FOM for wing operation is explained by the absorption lines cutting the transparencies in the spectra sharply, decreasing the ENBW.
In conclusion, we have introduced Faraday filtering on the Cesium D 1 line. The filter shows excellent perfor- [54] ). The solid back line shows the experimental data while the dashed (red) line is the theory fit. From the fit, the cell temperature and magnetic field are found to be (67.8 ± 0.3)
• C and (45.7 ± 0.8) G respectively. The ENBW was found to be (0.96 ± 0.01) GHz and the maximum transmission was (0.76 ± 0.01). Plotted underneath are the residuals (R) between experiment and theory, with a root mean square (RMS) deviation of 0.4%, showing excellent agreement.
TABLE I. Prediction of the optimal values of magnetic field (B) and temperature (T) by computer optimization for different atoms and transition wavelengths (λ). Each atomic medium was set to 75 mm long. The Cesium D1 filter, realized in this work (see Fig. 3 ), shows by far the highest ratio of maximum transmission to ENBW (FOM). mance, surpassing other elements and transitions, and could find use in quantum optics experiments. The method used to find the optimal magnetic field and temperature is fast and simple, utilizing publicly available software [44] and could be applied for other figures of merit for other applications. We thank K. J. Weatherill for allowing us use of the Ti:sapphire laser, and C. G. Wade for assistance using the laser.
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